1. Introduction {#sec1}
===============

Osteoporosis is a chronic bone lytic disorder with a multifactorial aetiology and complicated pathophysiology \[[@bib1]\]. The main reason is the imbalance in bone remodelling; between the two integrated processes, osteoblastic bone formation and osteoclastic bone resorption \[[@bib2]\]. Estrogen plays a crucial role in the preservation of bone homeostasis \[[@bib3]\]. Post-menopausal women, who are suffering from estrogen depletion, have more predisposition to develop osteoporotic fractures as a consequence of the accelerated bone turnover in line with increased number and activity of osteoclasts \[[@bib1], [@bib4]\]. Therefore, suppression of osteoclastogenesis is a propitious modality for treating pathological bone loss in osteoporotic subjects \[[@bib5]\]. Current antiresorptive therapies comprise selective estrogen receptor modulators \[[@bib6]\], bisphosphonates \[[@bib7]\], denosumab \[[@bib8]\], and strontium \[[@bib9]\]. Despite these drugs show the desirable therapeutic effectiveness, the semipermanent use of them will bring about many adverse events in the long run, like gastrointestinal problems, typical femoral subtrochanteric fractures, and some drug-specific infections \[[@bib10], [@bib11]\]. In addition, estrogen replacement therapy is inadvisable as its risks exceed its benefits in older women \[[@bib12]\]. Therefore, there is an unmet need for generating more specific new agents with less adverse effects.

Recently, much interest has emerged in the employment of nanomaterials as anti-osteoporosis candidates. In the setting of bone tissue engineering, there is a demand to create a biomaterial that mimics the native bone extracellular matrix. Natural bone consists of inorganic crystals (hydroxyapatite) and organic matrix (mainly type I collagen) \[[@bib13]\].

Hydroxyapatite has been broadly applied as a biocompatible ceramic in several fields of medicine, particularly as bone substitutes, due to its similarity to the bone mineral. Owing to the nanostructure of bone tissue, nanonization of hydroxyapatite-based biocomposites is considered as the most promising challenge in bioceramics \[[@bib14]\].

Chitosan-based hydroxyapatite biocomposite has been applied as scaffolding biomaterial in bone tissue engineering; chitosan/hydroxyapatite scaffolds offer competitive biocompatibility, osteoconductivity and biodegradability as well as remarkable mechanical properties for orthopaedic use \[[@bib15]\].

Silver nanoparticles have been widely developed and characterised; they have shown good biocompatibility and antibacterial properties as well as *in vitro* osteoinductive potential \[[@bib16]\]. Antibacterial susceptibility measurement, by the disc diffusion susceptibility test, proved that hydroxyapatite modified with nanosilver could be employed as an efficient antibacterial agent for orthopaedic implants \[[@bib17]\]. Silver nanoparticles are the most recommended metal nanoparticles for formulating drug nano-carriers systems that have the ability to transport certain agents across the cell membrane \[[@bib18]\].

This study was constructed to deliver proofs of concept for applicability and feasibility of nanotechnology in the intervention of osteoporosis *via* investigating the beneficial role of nanohydroxyapatite (nHA), chitosan/hydroxyapatite nanocomposites (nCh/HA) and silver/hydroxyapatite nanoparticles (nAg/HA) in modulating estrogen-depletion-mediated excessive bone turnover in the ovariectomized rat model representing primary osteoporosis.

2. Materials and methods {#sec2}
========================

2.1. Nanomaterials {#sec2.1}
------------------

Nanohydroxyapatite, chitosan/hydroxyapatite nanocomposites and silver/hydroxyapatite nanoparticles were purchased from Nanotech Egypt (NanoTech Egypt for Photo- Electronics, City of 6 October, Giza, Egypt). Nanohydroxyapatite (nHA) was prepared by the wet chemical method, as reported by **Paz *et al*** \[[@bib19]\]. Chitosan nanoplatform was prepared by the ionotropic gelation process stated by **Calvo *et al*** \[[@bib20]\]. Silver/hydroxyapatite nanoparticles (nAg/HA) were generated according to the method described by **Ciobanu *et al*** \[[@bib21]\].

### 2.1.1. Characterisation of nanomaterials {#sec2.1.1}

The morphology of the tested nanostructures was examined using high-resolution transmission electron microscopy (H-TEM, JEOL JEM-2100) operated at an accelerating voltage of 200 kV. Zeta-potential and dynamic light scattering (DLS) analyses of the nanomaterials were performed using Zetasizer ver. 6.32, Nano Series (Nano-ZS, Malvern Instruments, UK) which demonstrated their surface charge and the hydrodynamic size. Characterised functional groups of the nanoplatforms were identified from the Fourier Transform Infrared (FT-IR) spectra obtained by JASCO FT-IR-6800 spectrophotometer. Each spectrum was collected in the wavenumber range 400--4000 cm^−1^ and represented the average of a total of 8 scans performed at a resolution of 1 cm^−1^ in the transmission mode. X-ray diffraction (XRD) was applied to identify crystalline phases in a Philips X\'pert X-ray diffractometer. The XRD patterns were conducted at room temperature in the 2θ scanning range of 0--80^°^ with a scan rate of 2^°^ min^−1^ using monochromatized CuKα radiation of wavelength = 1.5406 A^°^ at 40 kV and 30 mA. Crystallite sizes L were determined from the Scherer\'s equation \[[@bib22]\]:where:L: the average crystallite sizeβ: the full width of the peak at half of the maximum intensity (FWHM); radiansλ = 1.5406 ˚Aθ: Bragg\'s angleK = 0.9; Scherrer\'s constant.

Graphical analysis was performed with the help of OriginPro 2018 software (OriginLab Corporation).

2.2. Animals and Experimentation {#sec2.2}
--------------------------------

### 2.2.1. Animals {#sec2.2.1}

Adult female albino Wistar rats with 130--150 g weight were obtained from the Animal Care Unit of the National Research Centre, Giza, Egypt, and housed in well-ventilated area at the animal holding facility of Hormones Department at temperature (25 ± 1 °C) and humidity (55%) in plastic cages with stainless steel wire meshed covers. The animals were permitted to access freely to get water and standardized laboratory diet food for rodent for two weeks to be adapted to the new surroundings prior to the initiation of the experiment.

This study received approval. Animals care, surgical procedures and treatments were performed after receiving approval (number: 17/068) from the Medical Research Ethics Committee of National Research Centre, Giza, Egypt, and complied with the recommendations of the proper care and use of laboratory animals.

### 2.2.2. Induction of primary osteoporosis {#sec2.2.2}

Primary osteoporosis was induced in rats by surgical operation to remove the ovaries; under general anaesthesia using diethyl ether, the rats were bilaterally ovariectomized (OVX) by dorsal approach. The operation was performed at Hormones Department, Medical Research Division, National Research Centre. Ovariectomized rat is a well-established experimental model for primary osteoporosis that constitutes the alterations noticed in humans with more advantage; the therapeutic influences are detectable only few months after intervention. The ovariectomized rats, along with the gonad-intact rats, were left for 12 weeks.

### 2.2.3. Experimental design {#sec2.2.3}

The present experimental setup included forty-eight adult female rats which were assigned into six groups with eight rats per group: Group (1) Gonad-intact rats, Group (2) Osteoporotic rats. Group (3) osteoporotic rats treated intravenously with nanohydroxyapatite (8 mg/kg B.wt.) that is equivalent to 1/20 of the LD~50~ reported previously by **Aoki *et al*** \[[@bib23]\], once monthly for three months. Group (4) osteoporotic rats treated intravenously with chitosan/hydroxyapatite nanocomposite (8 mg/kg B.wt.) that is equivalent to 1/10 of the LD~50~ reported by **Zhang *et al*** \[[@bib24]\], once monthly for three months. Group (5) osteoporotic rats treated intravenously with silver/hydroxyapatite nanoparticle (8 mg/kg B.wt.) \[[@bib25]\], once monthly for three months. Group (6) osteoporotic rats treated intragastrically with alendronate (Fosamax®, Merck & Co. Inc., Whitehouse Station, N.J., USA) (1 mg/kg B.wt.) once per week for three months \[[@bib26]\].

After the termination of the treatment period, diets were withheld from the experimental rats for 12 h and then blood specimens were collected using a retro-orbital puncture under diethyl ether anaesthesia. The blood specimens were centrifuged, and the sera were divided into aliquots and kept at -80 °C for biochemical determinations. After sacrificing the rats by cervical dislocation, the femur bones of the hindlimb were harvested promptly from each rat, and the muscle tissue was scraped with sterile ophthalmic scissors and forceps. Some bones were fixed in neutral formalin (10%) for alizarin red S staining, and others were preserved in liquid nitrogen and then kept at -80 °C for molecular genetics analyses.

2.3. Biochemical determinations {#sec2.3}
-------------------------------

Serum SOST, BALP and BSP levels were quantified using commercially available ELISA kits (Kono Biotech Co., Ltd, China, catalogue number: KN0995Ra, KN0818Ra and KN0993Ra) according to the manufacturer manuals enclosed in the assay kits.

2.4. Molecular analyses for RANKL and CtsK genes {#sec2.4}
------------------------------------------------

Total RNA was extracted from femur bone using SV whole RNA isolation system (Promega, Madison, WI, USA) according to the manufacturer\'s instruction. Concentration and purity of RNA were determined using the Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). The extracted RNA was reverse transcribed into cDNA using High-Capacity cDNA Reverse Transcription kits (Applied Biosystems, USA), under the guidance of the manufacturer. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was the internal control. Primer sequences for GAPDH, RANKL and CtsK are shown in [Table 1](#tbl1){ref-type="table"}. Real-time PCR and data analyses were done using ViiA7 PCR cycler (Applied Biosystems, USA). Cycling conditions: cDNA synthesis for 10 min at 50 °C; inactivation of reverse transcription for 5 min at 95 °C; PCR amplification for 45 cycles with 10 s at 95 °C and 30 s at 60 °C. Melt curve analysis: 1 min at 95 °C, 1 min at 55 °C and 80 cycles of 10 s at 55--95 °C. Relative expression of the studied genes (RANKL and CtsK) was calculated using the comparative threshold cycle method. All values were normalised to the reference gene (GAPDH).Table 1Primers for GAPDH, RANKL and CtsK.Table 1GenesPrimersReferencesGAPDHF: 5′-GTGGACCTCATGGCCTACAT-3`\[[@bib27]\]R: 5′-TGTGAGGGAGATGCTCAGTG-3`RANKLF: 5′-CATCGGGTTCCCATAAAGTC-3`\[[@bib28]\]R: 5′-CTG-AAGCAAATGTTGGCGTA-3`CtsKF: 5′-GCAGCAGAATGGAGGCATTG-3`\[[@bib29]\]R: 5′-TTCAGGGCTTTCTCGTTCCC-3`

2.5. Alizarin Red S staining {#sec2.5}
----------------------------

Fixation of the compact femur bone of rats in 10% neutral formalin for 72 h, followed by decalcification in 15% neutral EDTA buffer. The decalcified compact bones were defatted and dehydrated with xylene and graded ethanol (50%--100%), then they were embedded in molten paraffin bee wax. For the alizarin red S staining, sections of 4 μm thickness were prepared; then the dehydrated slides were stained with alizarin red S solution for 2 min, the slides were rapidly dipped into acetone and acetone xylene (50/50), each for 20 s, respectively \[[@bib30]\]. The average intensities of alizarin red S staining were quantified using IrfanView 4.53 software (a graphics software viewer).

2.6. Statistics {#sec2.6}
---------------

In the current study, all data were expressed as Mean ± standard error (S.E) of the mean. Data were analyzed by one-way analysis of variance (ANOVA) using the Statistical Package for the Social Sciences (SPSS) program, version 22 followed by Tukey\'s multiple comparison post-hoc test to compare significance between groups. The difference at P \< 0.05, was considered significant.

3. Results {#sec3}
==========

3.1. Characterisation of nanomaterials {#sec3.1}
--------------------------------------

### 3.1.1. Transmission electron microscopy (TEM) {#sec3.1.1}

The morphology of nHA, nCh/HA and nAg/HA were investigated using Transmission Electron Microscopy; high resolution (H-TEM). TEM micrographs showed that the nanostructures possess a rod-like shape ([Figure 1](#fig1){ref-type="fig"}). It can be noticed that the pure nHA ([(Figure 1,a)](#fig1){ref-type="fig"} exhibits an average length of less than 100 nm and diameter 20 ± 10 nm. The TEM imaging of nCh/HA [(Figure 1,b)](#fig1){ref-type="fig"}, shows crystals in a polymer matrix with an average size of about 50 nm in length and 20 ± 10 nm in width. The morphology of nAg/HA by TEM [(Figure 1,c)](#fig1){ref-type="fig"}, shows a uniform rod-like nano-crystallite with the main size of less than 100 nm and diameter 20 ± 10 nm.Figure 1TEM micrographs of nHA (a), nCh/HA (b) and nAg/HA (c).Figure 1

### 3.1.2. Zeta-potential and dynamic light scattering (DLS) measurements {#sec3.1.2}

Values of the zeta-potential and the hydrodynamic size for the nHA, nCh/HA and nAg/HA, represented in [Figure (2)](#fig2){ref-type="fig"} were (-11.7 *mv*, 1091 nm), (-24.3 *mv*, 328.3 nm) and (-8.56 *mv*, 796.7 nm) respectively.Figure 2Zeta potential for nHA (a), nCh/HA (b) and nAg/HA (c).Figure 2

### 3.1.3. Fourier Transform Infrared (FT-IR) spectra {#sec3.1.3}

FT-IR analyses for nHA, nCh/HA and nAg/HA are represented in [Figure (3)](#fig3){ref-type="fig"}. As shown in [Figure (3,a)](#fig3){ref-type="fig"}, nHA characteristic bands are identified; vibrational bands of phosphate groups (PO~4~^3-^) at 1009, 570 and 556 cm^−1^and stretching of hydroxyl group (O--H) at 3100--3520 cm^−1^. The area at 3400 cm^−1^ mirrors the water adsorbed onto the surface of nHA \[[@bib31]\]. Characteristic bands of the hydrogen phosphate group (HPO~4~^2-^) at 881 cm^−1^ are in conformity with the study of **Doat *et al*** \[[@bib32]\] and the absorption bands of carbonate ion (CO~3~^2-^) at 1395 cm^−1^ are in agreement with the study of **Swain *et al*** \[[@bib33]\].Figure 3FT-IR spectra for nHA (a), nCh/HA (b) and nAg/HA (c).Figure 3

The FT-IR spectrum of nCh/HA is shown in [Figure (3,b)](#fig3){ref-type="fig"}, the marked nHA characteristic bands have appeared obviously; vibrational bands of PO~4~^3-^. The band assigned to the stretching vibration of methylene group (-CH~2~) at 2900 cm^−1^, the stretching vibration of amide I (C=O) at 1627 cm^−1^, the scissor vibration of amide II (N--H) at 1408 cm^−1^ and the stretching vibration of C--O at 1010 cm^−1^ documented the incorporation of chitosan in the nanocomposite (nCh/HA) \[[@bib34]\].

[Figure (3,c)](#fig3){ref-type="fig"} shows the FT-IR spectrum of nanoAg-doped nHA structure. The FT-IR spectrum is similar to that of the undoped nHA, single-phase nanoparticles, except that more sharp band at 1635 cm^−1^ and wider broadband in region 3000 to 3600 cm^−1^ correspond to (H--O--H) bands of water lattice \[[@bib35], [@bib36]\] are observed in FT-IR spectrum of nAg/HA.

### 3.1.4. X-ray diffraction (XRD) {#sec3.1.4}

XRD is an analytical technique used to define and identify nano-materials and explain whether the sample materials are pure or contain impurities. X-ray diffraction pattern of nHA is depicted in [Figure (4,a)](#fig4){ref-type="fig"}. The main diffraction peaks of nHA located at 2θ regions of 26ᵒ, 29ᵒ, 32ᵒ-34ᵒ, 40ᵒ, 46ᵒ-54ᵒ which are in coincidence with the data for standard hydroxyapatite phase of International Centre for Diffraction Data, Powder Diffraction File, standard card number 9-432 (ICDD-PDF No. 9-432) \[[@bib37]\].Figure 4XRD diffractograms of nHA (a), nCh/HA (b) and nAg/HA (c).Figure 4

In [Figure (4,b)](#fig4){ref-type="fig"}, X-ray diffraction pattern of nCh/HA, shows the appearance of the characteristic peaks of nHA, which match well with the data for standard hydroxyapatite phase, with the absence of the two main diffraction peaks of chitosan (at 2θ = 10° and 20°).

X-ray diffraction pattern of nAg/HA powder, illustrated in [Figure (4,c)](#fig4){ref-type="fig"}, is similar to that of nHA; silver nanoparticle did not show specific diffraction pattern of silver nanoparticles.

The average crystallite sizes of nHA, nCh/HA, and nAg/HA were calculated by Scherrer\'s equation to affirm the nanoscale of the composites and was found to be 25.5, 28.85 and 22.73 nm, respectively.

3.2. Biochemical findings {#sec3.2}
-------------------------

The influence of nHA, nCh/HA and nAg/HA, as well as alendronate (ALN) on sera sclerostin (SOST) levels in osteoporotic rats, are given in [Table 2](#tbl2){ref-type="table"}. Serum SOST level elevated significantly (P \< 0.05) by 48.74% in the osteoporotic group *versus* the gonad-intact group. Meanwhile, treatment with nHA, nCh/HA or nAg/HA produced a significant decrease (P \< 0.05) in serum SOST level in comparison with the osteoporotic group. The per cent change in serum SOST level from the osteoporotic group was (-16.13%), (-15.69%) and (-13.43%) for nHA, nCh/HA and nAg/HA respectively. In osteoporotic rats received ALN, the decrease in serum SOST level was insignificant (P \> 0.05), with per cent change of (-5.29%) relative to that of the osteoporotic group. Notably, serum SOST level showed a significant increase (P \< 0.05) with per cent change of (40.86%) in the osteoporotic group treated with ALN *versus* the gonad-intact group. In comparison with ALN, the group administered nHA or nCh/HA showed a significant decrease (P \< 0.05) in serum SOST level with per cent change of (-11.44%) and (-10.98%) respectively.Table 2Effect of nHA, nCh/HA and nAg/HA as well as ALN on serum SOST, BALP and BSP levels in osteoporotic rats.Table 2GroupsSOST (pg/mL)BALP (ng/mL)BSP (pg/mL)Gonad-intact control151.38 ± 4.5723.313 ± 1.4750.00 ± 2.49Osteoporotic225.15 ± 12.10\*^**a**^ (48.74%)34.52 ± 1.35\*^**a**^ (48.10%)87.51 ± 6.32\*^**a**^ (75.01%)nHA188.83 ± 2.26**\***^**b**^ (-16.13%)24.90 ± 1.68**\***^**b**^ (-27.86%)67.01 ± 3.94**\***^**b**^ (-23.42%)nCh/HA189.81 ± 6.16**\***^**b**^ (-15.69%)25.97 ± 0.87**\***^**b**^ (-24.76%)68.06 ± 1.66**\***^**b**^ (-22.22%)nAg/HA194.91 ± 3.00**\***^**b**^ (-13.43%)26.42 ± 0.78**\***^**b**^ (-23.45%)68.77 ± 2.97**\***^**b**^ (-21.41%)ALN213.23 ± 7.12**\***^**c**^**\***^**d**^ (-5.29%)31.17 ± 1.93**\***^**c**^**\***^**d**^**\***^**e**^ (-9.41%)75.00 ± 2.00**\***^**b**^ (-14.29%)[^1][^2][^3][^4][^5][^6]

The alterations in serum bone alkaline phosphatase (BALP) level in the osteoporotic group following nHA, nCh/HA and nAg/HA as well as ALN treatment, are shown in [Table 2](#tbl2){ref-type="table"}. Serum BALP level elevated significantly (P \< 0.05) by (48.07%) in the osteoporotic group when compared to the gonad-intact group. In contrast, it dropped significantly (P \< 0.05) in osteoporotic rats treated with either nHA, nCh/HA or nAg/HA by (-27.06%), (-24.76%) or (23.45%), respectively, compared to their osteoporotic counterparts. Serum BALP level repressed insignificantly (P \> 0.05) in the osteoporotic group received ALN with per cent change of (-9.71%), as compared to the osteoporotic group. Moreover, the treatment of osteoporotic group with nHA, nCh/HA or nAg/HA revealed significant decline (P \< 0.05) in serum BALP level, with per cent change of (-20.11%), (-16.84%) or (15.21%), respectively, in respect with osteoporotic group that received ALN. Noteworthy, the osteoporotic group treated with nHA showed that serum BALP level returned to near the normal value, where the per cent change from the gonad-intact group was only (6.81%).

The variations in serum bone sialoprotein (BSP) levels in the osteoporotic group treated with nHA, nCh/HA or nAg/HA, as well as ALN are represented in [Table 2](#tbl2){ref-type="table"}. Serum BSP level elevated significantly (P \< 0.05) with per cent change of (75.01%) in the osteoporotic group *versus* the gonad-intact group. On the other side, serum BSP level was significantly blunted in all the treated groups in comparison with the osteoporotic group. Administration of nHA, nCh/HA, nAg/HA or ALN yielded significant reduction (P \< 0.05) in serum BSP level relative to the osteoporotic group. The per cent change of serum BSP level from osteoporotic group was (-23.42%), (-22.22%), (-21.41%) and (-14.29%) for nHA, nCh/HA, nAg/HA and ALN, respectively.

3.3. Molecular outcomes {#sec3.3}
-----------------------

The influence of nHA, nCh/HA, nAg/HA and ALN treatments on nuclear factor-*kappa* B (NF-κB) ligand (RANKL) gene expression level in osteoporotic groups is illustrated in [Table 3](#tbl3){ref-type="table"}. The results demonstrated that RANKL gene expression level is significantly up-regulated (P \< 0.05) in the osteoporotic group in comparison with the gonad-intact group \[fold change 1.81 *versus* 1.06, with a per cent change of (70.71%)\]. On the opposite side, RANKL gene expression level was significantly down-regulated (P \< 0.05) in all the treated groups *versus* the osteoporotic group. The per cent change of RANKL gene expression level from the osteoporotic group was (-50.23%), (-48.14%), (-34.89%) and (-26.67%) for nHA, nCh/HA, nAg/HA and ALN-treated groups, respectively.Table 3Effect of nHA, nCh/HA and nAg/HA as well as ALN on RANKL and CtsK gene expression levels in osteoporotic rats.Table 3GroupsRelative RANKL gene expressionRelative CtsK gene expressionGonad-intact control1.06 ± 0.151.03 ± 0.09Osteoporotic1.81 ± 0.066**\***^**a**^ (70.16%)1.88 ± 0.19**\***^**a**^ (82.97%)nHA0.89 ± 0.039**\***^**b**^ (-50.23%)0.55 ± 0.054**\***^**b**^ (-70.73%)nCh/HA0.94 ± 0.04**\***^**b**^ (-48.14%)0.63 ± 0.024**\***^**b**^ (-66.36%)nAg/HA1.18 ± 0.038**\***^**b**^**\***^**c**^**\***^**d**^ (-34.89%)0.67 ± 0.022**\***^**b**^ (-64.20%)ALN1.2 ± 0.053**\***^**b**^**\***^**c**^**\***^**d**^ (-26.67%)0.71 ± 0.035**\***^**b**^ (-62.74%)[^7][^8][^9][^10][^11]

Within the treated groups, administration of nHA or nCh/HA caused significant down-regulation (P \< 0.05) in RANKL gene expression level in respect with those administered nAg/HA or ALN.

In comparison with the gonad-intact group, osteoporotic group treated with nHA or nCh/HA exhibited insignificant down-regulation (P \> 0.05) in RANKL gene expression level with per cent change of (-15.31%) and (-11.75) for nHA and nCh/HA, respectively, while nAg/HA-treated group displayed insignificant up-regulation (P \< 0.05) in RAKNL gene expression level with per cent change of (10.80%) from the gonad-intact group. Of note, the group that received ALN showed significant up-regulation (P \< 0.05) in RANKL gene expression level with a per cent change of (24.70%) from the gonad-intact group.

The changes in cathepsin K (CtsK) gene expression level in osteoporotic groups following nHA, nCh/HA, nAg/HA or ALN treatments are depicted in [Table 3](#tbl3){ref-type="table"}. The results revealed that CtsK gene expression level is significantly up-regulated (P \< 0.05) in the osteoporotic group in comparison with the gonad-intact group \[fold change 1.88 *versus* 1.03, with a per cent change of (82.97%)\]. All the treated groups exhibited significant down-regulation (P \< 0.05) in CtsK gene expression level *versus* the osteoporotic group, as well as, the gonad-intact group with per cent change of (-70.73%), (-66.36%), (-64.20%) and (-62.47%) from the osteoporotic group, and (-46.44%), (-38.45%), (-34.50%) and (-31.33%) from the gonad-intact group for nHA, nCh/HA, nAg/HA and ALN-treated groups, respectively.

3.4. Mineralisation assay (Alizarin red S staining) {#sec3.4}
---------------------------------------------------

The optical micrographs of the longitudinal sections of femur compact bone from rats in the groups under study are represented in [Figure (5, a-f)](#fig5){ref-type="fig"}. The degree of calcification (intensity of red colour) is markedly reduced in the bone of osteoporotic rats compared to that of gonad-intact rats \[average 205.5 *versus* 251.97\]. Among the treated groups, the maximum amount of alizarin red S staining (positive calcified bone) was noticed in nHA-treated group \[235.41\] followed by nCh/HA-treated group \[234.62\]. In nAg/HA-treated group, the amount of alizarin red S staining (positive calcified bone) \[232.99\] was lower than that in the previous two groups and followed by that of ALN-treated group \[231.39\].Figure 5Longitudinal section of rat femur compact bone in; gonad-intact control rat (a), osteoporotic rat (b), nHA-treated rat (c), nCh/HA-treated rat (d), nAg/HA (e) and ALN-treated rat (f).Figure 5

4. Discussion {#sec4}
=============

In the current research, TEM micrographs of nHA, nCh/HA and nAg/HA denoted that each prepared nanoplatforms is nano-sized with uniformity in shape. Zeta potential of the present study showed negative charge of the nanostructures in water dispersion. Numerous investigations on the zeta potential of synthetic bio-ceramics like hydroxyapatite and other calcium derivatives have exposed that a negative zeta potential improves the *in vivo* biological effects of the prepared micromaterials \[[@bib38], [@bib39]\]. It has been suggested that negative charges of the zeta potential have a valuable and promising outcome concerning the bone cell divisions and adhesions \[[@bib39]\]. Negative zeta potential material is more convenient for osteoblasts adhesion and proliferation than neutral or positive material \[[@bib38]\]. The presence of phosphate groups confers the negatively charged surface of the nanoparticles; however, positive calcium ions reduce this strong negative potential \[[@bib31]\]. FT-IR has verified the presence of these groups. The existence of the positive and negative groups onto the surface of the nanoparticles represents their electrical features; which, in combination with their size, have a great impact on the biointegration characteristics \[[@bib40]\]. Moreover, FT-IR spectra of nHA, nCh/HA and nAg/HA indicate the predominance of hydroxyapatite in both nCh/HA and nAg/HA composites.

Straight baseline and the sharp peaks of the XRD diffractogram of nHA proved that it is well crystallised and highly purified hydroxyapatite. In XRD diffractogram of nCh/HA, the appearance of the characteristic peaks of nHA, which match well with the data for standard hydroxyapatite phase, documented the occurrence of nHA crystallites after composite generation and revealed an interface binding between nHA and chitosan polymer matrix \[[@bib41]\]. Absence of the characteristic peaks of chitosan points to the increase of nHA content in the composite \[[@bib42]\]. Chitosan and nHA showed superb miscibility, there is no phase-separation. In the results of XRD for nAg/HA, there were no impurity phases (as Ag~3~PO~4~) denoting that Ag^+^ enters the hydroxyapatite lattice by substituting Ca^2+^ \[[@bib21]\]. So, the diffractogram of nAg/HA demonstrates its apatite characteristics with good crystallinity and purity.

The current *in vivo* study revealed that ovariectomy induces a significant increase in serum SOST level as compared to the gonad-intact counterparts. This finding matches that was observed by **Stegen *et al*** \[[@bib43]\] and **Lin *et al*** \[[@bib44]\] who indicated that, osteocytic SOST gene is overexpressed in ovariectomized mice with concomitant down-regulation of Wnt/β-catenin signalling leading to decreased bone mass. Interestingly, **Drake *et al*** \[[@bib45]\] reported that peripheral SOST levels accurately reflect SOST levels in the bone microenvironment.

It has been reported that serum SOST level in postmenopausal women is markedly higher than that in premenopausal women \[[@bib46]\]. In ovariectomized mice, SOST overexpression in bone cells by estrogen deficiency is reversed by estrogen replacement treatment \[[@bib47]\]. Thus, administration of estrogen reduces, whilst deprivation of estrogen increases serum SOST levels. These findings obviously indicate that estrogen regulates circulating SOST levels and SOST expression in osteocytes \[[@bib48]\]. The estrogenic signal is known to be transduced by two estrogen receptors, ER-α and ER-β \[[@bib49]\]. ER-α could suppress SOST gene expression either genomically, direct binding to SOST gene promoter, or non-genomically via signalling pathways \[[@bib50]\]. However, both ERα and ERβ mediate rapid activation of extracellular signal-regulated kinase (ERK) signalling in osteoblasts and osteocytes which inturn mediates SOST/sclerostin down-regulation by estrogen, so, inhibition of ERK activity due to estrogen depletion prevents SOST down-regulation \[[@bib49]\]. Thus, estrogen and its receptor are essential for SOST expression down-regulation.

Estrogen deficiency stimulates T cells to produce the cytokine tumour necrosis factor-α (TNF-α) which mediates SOST overexpression through a proposed molecular mechanism where TNF-α up-regulates myocyte enhancer factor 2 (MEF-2) \[[@bib47]\]. It has been shown that MEF-2 is necessary to activate SOST expression in adult bones \[[@bib51]\].

Intriguingly, **Zhao *et al*** \[[@bib52]\] mentioned that the expression of hypoxia-inducible transcription factor-1α (HIF-1α) and pro-angiogenic factor Vascular endothelial growth factor (VEGF) decline owing to ovariectomy in female mice and that results in a reduction of bone volume and vasculature. Therefore, induction of HIF-1α signalling in bone cells preserves the skeletal vasculature and volume and could resist bone resorption observed in estrogen deficiency states. Normally, cortical osteocytes are surrounded by a hypoxic media \[[@bib53]\] and these cells respond to hypoxia by prolyl hydroxylases (PHDs) axis which sense alterations of oxygen pressure and govern the HIF-1α abundance, the effector of the hypoxia response \[[@bib43]\]. In hypoxia or anoxia, HIF-1α is translocated to the nucleus where it binds to HIF-1β then trigger the HIF-1 responsive genes which express the tissue adaptation to low oxygen tension \[[@bib54]\]. Increased expression of osteoblastic HIF-1α down-regulates osteoclastic differentiation and activity to repress bone resorption \[[@bib55]\]. Mechanistically, activated HIF-1α signalling elevates sirtuin1-dependent SOST promoter deacetylation, leading to suppression of SOST gene and, inconsequence, activation of Wnt/β-catenin signalling, on the other side, the sensation of oxygen by PHD2 in osteocytes up-regulates SOST epigenetically \[[@bib43]\]. Therefore, estrogen deficiency increases PHD and decreases HIF-1α; ultimately resulting in SOST overexpression.

Treatment of osteoporotic rats with nanohydroxyapatite (nHA) brought about a significant reduction in serum SOST level in comparison with the untreated osteoporotic rats. Integrins on bone cell membrane interact with hydroxyapatite surfaces. These integrins recognize specific components of the extracellular matrix and mediate the stimulation and transduction of intracellular signals. Extracellular protein like focal adhesion kinase (FAK) is activated upon binding to integrin receptors, then a signal transduction proceeds. FAK association with Shc adaptor protein activates extracellular regulated kinases (ERK) signalling cascade via Ras \[[@bib56]\], and hence, leads to transcription of various osteoblastic genes \[[@bib57], [@bib58]\]. Thus, ERK is activated in response to hydroxyapatite \[[@bib59]\]. **Ha *et al*** \[[@bib60]\] found that there is a fast and strong activation of the ERK1/2 pathway by nHA. As we mentioned above, the activation of ERK signalling in osteoblasts and osteocytes down-regulates SOST gene expression \[[@bib49]\]. Therefore, the activation of ERK signalling module by nHA in the present study leads to the down-regulation of SOST gene expression.

A candidate factor involved in SOST down-regulation is prostaglandin E2 (PGE2), whose transcription is stimulated by cross-talk of ER and Wnt/β-catenin pathways. PGE2 enhances the expression of Wnt signalling responsive genes through suppression of SOST transcription in osteoblast \[[@bib61]\]. It has been found that in osteoblast/osteoclast co-culture, micro-sized hydroxyapatite increases PGE2 concentrations 12.41 times over that of the control \[[@bib62]\]. So nHA *via* promotion of ERK signalling axis and elevating the concentration of PGE2 could induce SOST/sclerostin down-regulation and thus decrease serum SOST level in osteoporotic rats.

Treatment of osteoporotic rats with nCh/HA produced a significant decrease in serum SOST level in comparison with the untreated osteoporotic rats. **Cui *et al*** \[[@bib63]\] revealed that chitosan mediates corneal epithelial wound healing by augmenting ERK1/2 stimulation. Also, it has been commented that chitosan oligomers have suppressive effects of over-production of pro-inflammatory cytokine (TNF-α) in macrophage cells \[[@bib64]\] and in murine RAW 264.7 cells \[[@bib65]\]. As mentioned above, that activation of ERK signalling or suppression of TNF-α leads to down-regulation of SOST gene expression; therefore, nCh/HA could decrease serum SOST level *via* activation of ERK and inhibition of TNF-α production.

Treatment of osteoporotic rats with silver/hydroxyapatite nanoparticles caused a significant reduction in sera SOST levels when compared to the untreated osteoporotic rats. **Verano-Braga *et al*** \[[@bib66]\], by performing a proteomic analysis, detected that extracellular exposure to nanosilver, 100 nm, can target intracellular responses *via* several pathways including the mitogen-activated protein kinase (MAPK) pathway. MAPK/ERK is involved in the regulation of the osteoblast differentiation of skeletal stem cells \[[@bib67]\]. Therefore, extracellular silver nanoparticles could stimulate bone formation \[[@bib68]\]. **Kang *et al*** \[[@bib69]\] found that SVEC4-10 cells (mouse endothelial cell line) treated with silver nanoparticles show increased activity of ERK1/2 compared to untreated cells. Thus, nAg/HA could produce SOST down-regulation *via* promotion of ERK signalling pathway.

MAPK pathway is implicated both in the regulation of HIF-1α protein formation \[[@bib70]\] and potentiation of its transcriptional activity \[[@bib71]\]. HIF-1α protein can be activated by direct phosphorylation by MAPK/ERK1/2 both *in vitro* and *in vivo* \[[@bib72], [@bib73]\]. Interestingly, **Cao *et al*** \[[@bib68]\] and **Kang *et al*** \[[@bib69]\] reported that silver nanoparticles activate MAPK/ERK. Silver nanoparticles could directly go into human MSCs, bind to DNA and stimulate the transcription of HIF-1α gene \[[@bib74]\]. Additionally, in human lung carcinoma cells (A549), HIF-1α protein synthesis increased in states of hypoxia and in EC50 level (the effective concentration that causes 50% of the maximum effect) nanosilver treatment \[[@bib75]\]. Similarly, nanosilver increases HIF-1α protein expression in hMSCs \[[@bib74]\]. Gene expression analysis conducted on murine neural progenitor cells (C17.2) after treatment with non-toxic doses of silver nanoparticles showed up-regulation of various genes known to be targeted by HIF \[[@bib76]\]. It is well known that HIF-1α supresses SOST gene expression \[[@bib43]\].

It was proved that silver nanoparticles (10 nm) inhibit TNF-α gene expression \[[@bib77]\]. Also, aqueous silver nanocrystals have an anti-inflammatory effect by lowering the pro-inflammatory mediators (TNF-α and histamine) level \[[@bib78]\]. Moreover, silver nanoparticles have been found to suppress local inflammation in mouse mesenchymal stem cells (mMSCs) *via* reducing TNF-α level \[[@bib79]\]. TNF-α is known to serve as a mediator for increased expression of SOST \[[@bib47]\]. Therefore, nAg/HA could reduce serum SOST level in osteoporotic rats through stimulation of ERK1/2 pathway, activation of HIF-1α expression and also through the suppression of pro-inflammatory mediator (TNF-α) gene expression.

In the current study, ovariectomy induced significant elevation in serum bone alkaline phosphatase (BALP) level as compared to the gonad-intact group. This finding is in complete agreement with that of **Yu *et al*** \[[@bib80]\] and **Khajuria *et al*** \[[@bib81]\] who stated that serum level of BALP is significantly greater in the ovariectomized group than in the gonad-intact control group. Recently, **Yang *et al*** \[[@bib82]\] indicated that ovariectomy elevates serum alkaline phosphatase (ALP) activity, and that reflects the greater degree of the ovariectomy-activated bone catabolism in comparison to the normal control. BALP is a glycoprotein osteoblast membrane-bound ectoenzyme; has extracellular catalytic subunit. Its primary function is to split the inorganic pyrophosphate (PPi) (a mineralisation inhibitor) and liberate inorganic phosphate \[[@bib83]\]. BALP is produced by immature osteoblasts \[[@bib84]\] and while its activity is essential for the induction of mineralisation, it is not involved in the resumption of this process \[[@bib85]\] as early genes are turned off by a negative feedback loop \[[@bib86]\]. Elevated bone turnover markers have been reported in the case of ovariectomy-induced decreased bone volume \[[@bib87]\]. Ovariectomy or estrogen deficiency produces a significant increase in bone remodelling (turnover) in the two sides resorption and formation with more enhanced bone resorption resulting in bone loss \[[@bib88]\]. **Lerner** \[[@bib89]\] stated that in postmenopusal osteoporosis, the number of bone resorption sites and that of bone-formation sites are increased. Of note, BALP is liberated into the blood at the early stage of every bone-formation cycle \[[@bib88]\] so the increase in its activity in the ovariectomized group is highly indicative of accelerated bone turnover.

Treatment of ovariectomized rats with nHA brought about significant drop in serum BALP level when compared to the untreated osteoporotic ones. This finding is in agreement with that of **Khajuria *et al*** \[[@bib81]\], where the serum BALP level in the nanohydroxyapatite-administered group shows significant decline than that in the ovariectomized group. Furthermore, *in vitro* study of **Ha *et al*** \[[@bib86]\] showed that nanohydroxyapatite induces a robust reduction of ALP and bone sialoprotein (BSP) mRNA levels in bone marrow mesenchymal stem cells (BMSCs) and pre-osteoblasts, nanohydroxyapatite regulates *Alpl* (ALP gene) expression epigenetically through DNA methylation at its promoter region. In addition, various new genes were determined as nanohydroxyapatite target genes including insulin-like growth factor I and II (IGF-I and IGF-II) \[[@bib60]\]. **Aeimlapa *et al*** \[[@bib90]\] commented that IGF-I, which belongs to prominent cytokines for bone formation, is significantly increased in OVX rats. IGF-I induces alkaline phosphatase activity in primary rat calvaria cell culture, and IGF-II elevates alkaline phosphatase activity in human osteoblasts cultures \[[@bib91], [@bib92]\]. Moreover, at the cell surface, there are two specific hydroxyapatite sensors; phosphate-transporters (PiT) and fibroblast growth factor receptors (Fgfr) stimulating specific signalling proteins; Frs2α (Fgfr substrate 2α) and Erk1/2. In the case of BALP regulation, **Ha *et al*** \[[@bib60]\] revealed that inhibition of Fgfr and PiT causes partial prohibition of repression of BALP gene expression and the stimulation of Fgfr and PiT by nanohydroxyapatite resulted in complete repression of BALP levels.

Treatment of osteoporotic rats with nCh/HA yielded significant depletion in serum BALP level when compared to the untreated osteoporotic rats. **Ma *et al*** \[[@bib64]\] revealed that chitosan oligomers suppress the overshooting of the pro-inflammatory mediator (TNF-α) in the macrophage cells. Inhibition of TNF-α expression decreases serum BALP level \[[@bib80]\]. It has been found that chitosan/metal composites enhance transcription of FGF-2 and TGF-β genes *in vitro* \[[@bib93]\], FGF-2 could stimulate its receptor (Fgfr2) and repress BALP production. Furthermore, loss of estrogen represses the antioxidant processes within the bone, and this accounts for the elevated bone turnover due to the deprivation of this hormone \[[@bib94]\]. In the study of **Jebahi *et al*** \[[@bib95]\], the bioactive glass/chitosan composite contributes to counteracting the oxidative process by favourably enhancing the antioxidant defence system. Consequently, chitosan could decrease bone turnover rate and in turn, reduce BALP serum level.

Treatment of osteoporotic rats with nAg/HA produced a significant decrease in serum BALP level when compared to the untreated osteoporotic rats. It has been reported that silver nanoparticles have anti-inflammatory effect *via* reduction of TNF-α \[[@bib79]\]. **Yu *et al*** \[[@bib80]\] found that TNF-α neutralising antibody treatment inhibits TNF-α expression and decreases serum BALP level as compared with OVX group. Hence, nAg/HA could decrease serum BALP level by inhibiting TNF-α expression. In addition, treatment of pregnant mice with nanosilver (8 nm) intravenously resulted in epigenetic methylation of several placental genes, among which, insulin-like growth factor 2 receptor (IGF-IIR) and IGF-II genes; indicating that exposure to nanosilver exerted significant suppression of IGF-IIR and IGF-II genes expression \[[@bib96]\]. Overexpression of IGF-II has been detected to increase the alkaline phosphatase activity \[[@bib92]\]. Thus, in the current study, the reduced serum BALP level could be attributed to the suppressive effect of nAg/HA on IGF-II gene expression.

Ovariectomy induced significant increase in serum bone sialoprotein (BSP) level as compared to the gonad-intact controls. This result comes in line with that obtained by **Shaarawy and Hasan** \[[@bib97]\], where serum BSP is significantly increased in women after menopause compared to that of premenopausal ones. **Shaarawy and Hasan** \[[@bib97]\] and **Singhal *et al*** \[[@bib98]\] reported that aberrant elevated levels of serum BSP have been determined in numerous disorders characterised by hyperactivity of osteoclasts and increased bone resorption, involving osteoporosis and breast cancer with bone metastasis. Normally, continuous remodelling process of adult bone involves osteoclastic bone resorption and osteoblastic bone formation. Bone turnover regulator factors are produced by osteoclasts and osteoblasts. At the end of bone resorption and the beginning of bone formation, osteoblasts and osteocytes secrete matrix, called the reversal line, containing a plentiful amount of BSP and osteopontin (OPN) \[[@bib99]\]. BSP mRNA reaches the highest concentration just preceding the mineralisation onset, and its protein is released by active osteoblasts that synthesise the matrix \[[@bib100]\]. By a cell culture study, BSP has been detected to inhibit the formation of mature multinucleated osteoclasts from monocyte progenitors \[[@bib101]\], even so, BSP and OPN promote mature osteoclasts to induce bone resorption \[[@bib102]\]. From the aforementioned data, it is reasonable to assume that the increase in BSP activity in the osteoporotic group in the current study reflects the excessive bone turnover due to estrogen deficiency.

Treatment of osteoporotic rats with nHA showed significant reduction in serum BSP concentration in comparison with the untreated osteoporotic rats. **Ha *et al*** \[[@bib60]\] reported that BSP is down-regulated in BMSCs exposed to nanohydroxyapatite. Treatment of BMSCs or pre-osteoblasts with nanohydroxyapatite triggers an intensive dose-dependent inhibition of ALP and BSP genes expression. Nanohydroxyapatite generates a coordinated transcriptional regulation of BSP and ALP as a regulatory "program" which changes cell behaviour \[[@bib86]\].

Treatment of osteoporotic rats with nCh/HA yielded a significant decline in serum BSP concentration when compared to the osteoporotic group. In clinical studies conducted on women, serum BSP levels are inversely correlated with that of estradiol \[[@bib103]\]. Circulating BSP declined in response to therapies which resist bone resorption (hormone replacements) in line with a reduction in bone loss markers. Therefore, blood BSP could be a useful indicator for bone turnover \[[@bib97]\]. **Chae *et al*** \[[@bib104]\] indicated that there is an abnormal increase in count and surface of bone cells in ovariectomized rats as compared to sham-operated ones, and the supplementation of water-soluble chitosan inhibits this increase for seven weeks. Also, chitosan showed inhibitory effect on osteoclast resorption activity *in vitro* \[[@bib105]\]. So, it could be suggested that nCh/HA has antiresorptive effect that could modulate the excessive bone turnover rate and consequently, diminish serum BSP level.

Osteoporotic rats treated with nAg/HA showed significant drop in serum BSP level when compared to the untreated osteoporotic rats. Cells cultured on nAg-HA/TiAlZr expressed very limited concentration of BSP mRNA as compared to those cultured on TiAlZr alone \[[@bib106]\] suggesting the superior suppressing effect of the silver-doped hydroxyapatite nanoparticles on BSP expression. Excessive and prolonged ROS production due to estrogen deficiency suppresses osteoblastic activity and reduces bone formation \[[@bib107]\]. Also, the increase in oxidative stress promotes the syntheses of pro-inflammatory molecules (IL-1, IL-6 and TNF-α) which trigger bone damage and enhance osteoclastic activity, thus disturbing the bone remodelling balance \[[@bib108]\]. It has been reported that silver hydroxyapatite nanoparticles attenuate the inflammatory effect by decreasing the syntheses of the pro-inflammatory mediators like TNF-α and IL-1 \[[@bib109]\]. **Nakayama *et al*** \[[@bib110]\] found that TNF-α stimulated BSP mRNA expression at three hours of incubation with Saos2 osteoblast-like cells. Therefore, the decreased serum BSP level could be due to the anti-inflammatory actions by nAg/HA.

Ovariectomized rats in the present investigation experienced significant up-regulation in nuclear factor-kappa B (NF-κB) ligand (RANKL) gene expression level *versus* the gonad-intact controls. This result matches that of **Zhou *et a.*** \[[@bib111]\], who revealed that RANKL mRNA level is significantly elevated in the ovariectomized rats. **Chen *et al*** \[[@bib112]\] reported a significantly high RANKL/OPG (osteoprotegerin) mRNA ratio in the ovariectomized rats as compared to the sham-operated ones. OPG is the decoy receptor of RANKL, thus it inhibits bone resorption \[[@bib113]\]. RANKL is one of the TNF family cytokines; it promotes monocyte progenitors to develop into mature osteoclasts. Specifically, the receptor RANK-RANKL binding induces TNF receptor-associated factor 6 (TRAF6) adaptor protein to activate inhibitor kappa B (IκB) kinase which then stimulates its ubiquitin-dependent proteasomal dissociation. Thereafter, NF-κB is liberated from the NF-κB/IκB complex and get into the nucleus where it regulates RANKL responsive genes \[[@bib114]\]. Also, RANKL promotes transcription factor activator protein 1 (AP-1) through MAPK stimulation \[[@bib115]\]. Both NF-κB and AP-1 up-regulate the expression of nuclear factor of activated T cells-c1 (NFATc1), which is crucial for terminal osteoclastic differentiation, and hence regulate particular osteoclastic genes such as TRAP and cathepsin K (Ctsk) \[[@bib116]\]. **Bord *et al*** \[[@bib117]\] found that, in cell cultures, estrogen has been shown to stimulate OPG expression and inhibit RANKL expression; estrogen activates colony formation potentiality of CD34^+^ cells to a megakaryocytic phenotype after that, mature megakaryocytes show estrogen-stimulated alterations in bone cytokines such as OPG and RANKL. So, RANKL overexpression in osteoporotic rats could be due to estrogen deficiency.

OPG is a Wnt/β-catenin target gene \[[@bib118]\]. Thus, suppression of Wnt/β-catenin signalling in mature osteoblasts and osteocytes suppresses OPG expression and subsequently, stimulates osteoclast differentiation \[[@bib119]\]. On the contrary, active osteoblastic Wnt/β-catenin stimulates OPG expression and suppresses osteoclast differentiation and bone resorption \[[@bib120]\]. Because SOST antagonises the Wnt/β-catenin signalling, it is expected that alterations in SOST expression could resist resorption by managing OPG \[[@bib121]\]. Elevated SOST level increases RANKL expression, whereas decreases OPG expression \[[@bib122]\]. In the current study, ovariectomy leads to increased serum SOST level indicating for inactivation of Wnt/β-catenin axis that is resulting in suppression of OPG and stimulation of RANKL genes expression; this represents the suggested explanation for the overexpression of RANKL gene in the osteoporotic rats in the present study.

Treatment of osteoporotic rats with nHA caused significant decrease in RANKL mRNA level when compared to the untreated osteoporotic rats. This result is supported by the previous *in vitro* study of **Macmillan *et al*** \[[@bib123]\] who proved that bone cells cultured on nanocrystalline hydroxyapatite possess normalised molecular pathways; normal osteoclastic functions such as (expression of TRAP and RANK, resorption pits formation within the usual size) and also normal osteoblastic functions including expression of OPG and RANKL. It has been reported that stimulation of Wnt signalling in osteoblasts inhibits RANKL mRNA and protein syntheses \[[@bib124]\], while, OPG expression is detected to be up-regulated by active Wnt signalling in multipotent mesenchymal cell line \[[@bib120]\]. Wnt pathway is inhibited by SOST \[[@bib121]\]. Results of the current study showed a decline in serum SOST level in nHA-treated group, which reflects a suppression of SOST gene expression. Therefore, nHA could down-regulate RANKL gene expression *via* stimulating Wnt signalling through inhibiting SOST transcription.

Treatment of osteoporotic rats with nCh/HA caused a significant down-regulation in RANKL gene expression level when compared to the untreated osteoporotic rats. This finding is comparable with that obtained by **Zhang *et al*** \[[@bib125]\] who reported that in chitosan oligosaccharide-treated osteoarthritis-induced rats, RANKL secretion is inhibited while OPG is enhanced, RANKL/OPG mRNA ratio is significantly decreased, and RNAKL/RANK mRNA ratio is decreased. ROS raises the count of osteoclasts and induces resorption *in vitro* and *in vivo* by provoking RANKL and TNF-α expression *via* NF-кB \[[@bib126], [@bib127]\]. Chitosan has anti-inflammatory and antioxidant effect through down-regulating the pro-inflammatory cytokines \[[@bib80]\] and up-regulating the antioxidative enzymes \[[@bib95]\]. Therefore, suppression of RANKL gene expression by nCh/HA could be owing to chitosan anti-inflammatory and antioxidant properties. Moreover, the current data showed a decreased serum SOST level in nCh/HA-treated group, and as we mentioned above, the diminution of SOST expression activates Wnt signalling axis and consequently inhibits RANKL gene expression; this could be considered as another interpretation for the suppression of RANKL gene expression level upon treatment with nCh/HA.

Treatment of osteoporotic rats with nAg/HA resulted in a significant down-regulation in RANKL gene expression level when compared to the untreated osteoporotic rats. Molecular investigations with murine C17.2 neural progenitor cells cultured on non-toxic silver nanoparticles concentrations showed stimulation of several HIF target genes \[[@bib76]\]. Among these genes, the OPG gene which regulates bone homeostasis \[[@bib128]\]. **Shao *et al*** \[[@bib55]\] found that expression of OPG is up-regulated while no change observed in RANKL expression in the presence of HIF-1α with high concentration; elevated HIF-1α level could stimulate OPG expression by direct binding to its promoter site and through this signalling pathway it could down-regulate the activity of osteoclasts and suppress osteoclastogenesis. This might lead to the down-regulation of RANKL gene expression, as shown in the present investigation. Furthermore, **Park *et al*** \[[@bib129]\] revealed that TNFα induces up-regulation of RANKL gene expression. **Franková *et al*** \[[@bib77]\] indicated that silver nanoparticles decrease the expression of TNF-α in primary cell cultures. The blockage of TNF-α functions prevented ovariectomy-induced bone resorption similarly as estrogen \[[@bib130]\]. This fact represents good support for our result in proving the efficacy of nAg/HA in down-regulating RANKL gene expression level and thus it could resist bone loss.

Ovariectomized rats in the present work experienced significant up-regulation in cathepsin K (CtsK) gene expression *versus* the gonad-intact controls. This finding is consistent with the study of **Pandiarajan *et al*** \[[@bib131]\] where a higher CtsK mRNA expression and other osteoclastic markers are observed in the osteoporotic group, indicating an increased number of mature osteoclasts is strived to resorb bone. CtsK, a cysteine lysosomal protease, is extensively produced by mature active osteoclasts, and it has been suggested to posse a crucial role in the degradation of bone mineral and collagen matrices and thus bone resorption \[[@bib132]\]. Excessive expression of CtsK gene accelerates bone turnover and decreases the bone volume \[[@bib133]\]. Genes expression of CtsK and TRAP in osteoclasts is regulated by nuclear factor of activated T-cells (NFATc1) \[[@bib134]\]. **Pandiarajan *et al*** \[[@bib131]\] mentioned that NF-κB and NFATc1 activation is observed in the ovariectomized group and can be correlated to estrogen depletion-mediated oxidative stress. Moreover, RANKL and BSP activate that key osteoclastogenesis regulator (NFATc1) and increase mRNA expression of osteoclast differentiation markers (CtsK and TRAP) \[[@bib135]\]. Furthermore, **Wijenayaka *et al*** \[[@bib136]\] reported that SOST up-regulates the expression of CtsK in osteocytes *in vitro*. In the present study, the osteoporotic group showed significant increase in serum SOST level as well as increased expression of RANKL and BSP which explains the up-regulation of CtsK gene expression.

Treatment of osteoporotic rats with nHA induced significant down-regulation of CtsK gene expression when compared to the untreated osteoporotic rats. **Guo *et al*** \[[@bib137]\] reported that nanohydroxyapatite down-regulates NF-κB signalling in rat glioma C6 cells and human glioma U87MG ATCC cells; it decreases NF-κB p65 protein expression and blocks NF-κB p65 nuclear translocation in C6 cells. Active NF-κB in the nucleus binds to DNA as a polypeptide dimer p50/p65, p65 subunit is the essential regulator of CtsK gene transcription \[[@bib138]\]. RANKL could stimulate CtsK expression; moreover, agents that act as regulators of RANKL expression in osteoblasts, could regulate CtsK expression as well. IGF-I has been reported as a stimulator for RANKL, so it is also a stimulator for CtsK gene expression \[[@bib139]\]. **Ha *et al*** \[[@bib60]\] revealed that nanohydroxyapatite down-regulates IGF-I and IGF-II gene expression. Thus, nHA could down-regulate RANKL expression and consequently, suppresses CtsK expression. So that, nHA could suppress CtsK gene expression through down-regulation of NF-κB signalling and IGF-I gene expression.

Treatment of osteoporotic rats with nCh/HA brought about significant down-regulation in CtsK gene expression level when compared to the untreated osteoporotic ones. It has been reported that chitosan nanoparticles down-regulate mRNA expression levels of toll-like receptor 4 (TLR4) in LPS-inflamed Caco-2 cells \[[@bib140]\]. TLR4 stimulates pro-inflammatory cytokines expression through the NF-κB signalling \[[@bib141]\]. Oligochitosan significantly decreases NF-κB protein levels in LPS-induced RAW264.7 macrophages and consequently inhibits the excessive production of TNF-α and IL-1β \[[@bib142]\]. Normally, NF-κB is kept attached to the inhibitory protein Iκ in the cytoplasm. Upon cell stimulation, IκB is phosphorylated and dissociated, p65 subunit of NF-κB will be released and inter the nucleus, binds to DNA and stimulates expression of NF-κB target genes \[[@bib143]\] including CtsK gene \[[@bib138]\]. Chitosan nanoparticles reduce dissotiation of IκB and prevent the translocation of p65 \[[@bib140]\] which in turn suppress CtsK gene expression level as shown in the current results. Moreover, as chitosan/metal composites increase the expression of the anti-inflammatory cytokine (TGF-β) \[[@bib93]\] and chitosan oligosaccharide inhibits RANKL while enhances OPG secretion \[[@bib125]\], TGF-β inhibits CtsK gene expression through inhibiting RANKL expression while OPG directly suppresses CtsK gene expression \[[@bib139]\].

Treatment of osteoporotic rats with nAg/HA yielded a significant down-regulation of CtsK gene expression level when compared to the untreated osteoporotic rats. Biosynthesized silver nanoparticles have been shown to significantly diminish the concentrations of the inflammatory markers *via* NF-κB pathway \[[@bib144]\] and the activated NF-κB stimulates expression of CtsK gene \[[@bib138]\]. Silver nanoparticles (200 nm) can reduce DNA damage in diseased conditions that occurs *via* elevated TNF-α \[[@bib145]\]. TNF-α is a mediator for increased expression of SOST \[[@bib47]\], which in turn up-regulates the expression of CtsK in osteocytes *in vitro* \[[@bib136]\]. So, the retraction of TNF-α by silver nanoparticles leads to the suppression of CtsK *via* inhibition of SOST.

Alizarin red S staining was applied for assessing the degree of mineralisation \[[@bib146]\]. Alizarin red S staining interacts with calcium, that precipitates forming calcified nodules during the bone matrix deposition process \[[@bib147]\]. Also, **Mathews *et al*** \[[@bib148]\] mentioned that alizarin red S staining reacts with calcium inside cells and also calcium-binding proteins and proteoglycans.

In the current investigation, photomicrographs of femur bone from osteoporotic group showed an apparent depletion in the staining intensity as compared to the gonad-intact group. This opservation comes in line with that of **Liu *et al*** \[[@bib149]\] who revealed that the area of calcified nodules is obviously decreased in the femur bone of osteoporotic rats compared to that of gonad-intact control ones. Additionally, in the present investigation, the intensity of staining was greater in nHA-treated group as compared to the osteoporotic group. This is in agreement with *in vitro* study of **Dong *et al*** \[[@bib150]\] who reported that treatment of BMSCs with nanohydroxyapatite leads to significant increase in bone mineralisation. Also, in the present study, the femur bone from osteoporotic rats treated with nCh/HA intensely stained with alizarin red S staining compared to osteoporotic counterparts. **Mathews *et al*** \[[@bib148]\] indicated that chitosan enhances mineralisation by up-regulating genes accompanied with mineralisation and calcium-binding proteins. Finally, in the current work, the femur bone from osteoporotic rats administered nAg/HA showed a higher intensity of colour representing the alizarin red S staining in comparison with the osteoporotic rats. **Martínez-Sa**nm**iguel *et al*** \[[@bib109]\] stated that silver/hydroxyapatite nanoparticles have the ability to promote mineralisation/apatite nucleation *in vitro*.

In the present study, ALN was used as a reference drug to combat osteoporosis in the primary osteoporotic rat model. Treatment of osteoporotic rats with ALN showed insignificant drop in serum SOST and BALP levels, significant reduction in serum BSP level, significant down-regulation of RANKL and CtsK gene expression level in association with an increase in femur bone calcification, as shown in the photomicrograph of ARS staining, in comparison with the untreated osteoporotic counterparts.

ALN treatment does not significantly decrease the number of sclerostin-positive osteocytes in mechanical-unloaded rats \[[@bib151]\]. Meanwhile, **Kim *et al*** \[[@bib152]\] revealed that postmenopausal women, with a completed ablation of remnant estrogen, treated ALN shows a slight decrease in serum SOST level. Serum estradiol level has been found to be increased upon ALN treatment in ovariectomized rats \[[@bib153]\]**.** Estradiol is known to down-regulate SOST expression \[[@bib47]\]. Thus ALN could decrease serum SOST level *via* encouraging serum estradiol level.

In an earlier clinical investigation, **Parker *et al*** \[[@bib154]\] studied ALN for the management of primary hyperparathyroid-related osteoporosis, and they found that in ALN -treated primary hyperparathyroid patients for 12 months, BALP is significantly lower than that measured at the baseline. Similarly, 12-month ALN treatment decreases serum BALP level in postmenopausal women; this effect could be attributed to the significant suppression of bone turnover by ALN \[[@bib155]\].

**Seibel *et al*** \[[@bib156]\] reported that treatment with bisphosphonates (the family includes ALN) intravenously produces rapid significant depletion in serum BSP level in patients with malignant bone disorders. Postmenopausal osteoporotic patients treated with ALN for 12 months showed significant drop in serum BSP level \[[@bib97]\]. A major effect of bisphosphonate depends primarily on the inhibition of osteoclast functions \[[@bib157]\] then induction of osteoclastic apoptosis, leading to the suppression of bone resorption and the reduction of bone remodelling \[[@bib158]\]. Bisphosphonates could inhibit bone resorption by attaching to hydroxyapatite binding sites, so disrupting the osteoclast adhesion to the bone surface and preventing the production of protons which are needed for resorbing bones \[[@bib159]\].

**Silva *et al*** \[[@bib160]\] reported that RANKL and OPG mRNA levels in the periapical lesion in ovariectomized rats are not affected by ALN treatment. While, an *in vitro* study speculated that bisphosphonates change the RANKL/OPG ratio in osteoblasts, elevating OPG synthesis and reducing RANKL, thus suppressing bone loss \[[@bib161]\]. Treatment with ALN induces a reduction in the bone-resorptive cytokines expression (IL-1β, IL-6 and TNF-α) in the ovariectomized rats \[[@bib160]\] and also in murine RAW264.7 cells \[[@bib162]\]. **Diercke *et al*** \[[@bib163]\] indicated that IL-1β could induce RANKL transcription in primary human cementoblasts. So that, ALN may down-regulate RANKL gene expression level *via* the inhibition of the inflammatory cytokines.

**Muñoz-Torres *et al*** \[[@bib164]\] revealed that in postmenopausal women, serum CtsK decreases gradually after ALN treatment. A recent investigation by **Yu *et al*** \[[@bib165]\] suggested that PI3K signalling is preferentially served for transporting and production of CtsK. ALN has been shown to inhibit PI3K signalling module \[[@bib166]\], which may represent the proposed mechanism by which ALN could down-regulate CtsK gene expression level.

Osteoporotic rats treated with ALN showed strong intensity of ARS *versus* that of osteoporotic rats. **Imai *et al*** \[[@bib167]\] found that ARS staining of ALN-treated human mandibular fracture haematoma-derived cells (MHCs) tends to be superior compared to that observed in the control cells.

Collectively, in the present approach, the characterisation of the nanomaterials under investigation (nHA, nCh/HA and nAg/HA) confirmed their rod-shaped nanoscale morphology carrying negative surface charges and possessing fingerprint IR bands. The diffractogram peaks matched well the data for standard HA phase. All in all, the general characterisation of the selected nanomaterials indicates the absence of impurities and proves the incorporation of chitosan or silver within nCh/HA or nAg/HA composites with the predominance of nHA.

The documents of bone loss in the osteoporotic rats in the current experiment are indicated *via* a high serum SOST, BALP and BSP concentrations, overexpression of RANKL and CtsK mRNA, and low calcification level of femur bone of these rats as compared to those in the gonad-intact counterparts. In contrast, treatment of osteoporotic rats with nHA, nCh/HA or nAg/HA succeeded to protect against bone loss in the experimental model of primary osteoporosis *via* reducing serum SOST level and reducing bone turnover rate which is evidenced by the decline in serum BALP and BSP levels. Moreover, suppressing osteoclastogenesis was confirmed *via* down-regulation of RANKL and matrix-degrading enzyme (CtsK) gene expression levels. In consequent with these events, the calcification intensity of femur bone is strengthened in respect to osteoporotic rats.

In conclusion, the present investigation provides experimental evidence for the effectiveness of nHA, nCh/HA and nAg/HA as a lead antiresorptive nanobiomaterials for the intervention of primary osteoporosis. The superior impact of nHA could be ascribed to its nano-size and shape, which closely mimic those of HA crystals in the natural bone. As leading results, administration of nAg/HA revealed protection against accelerated bone turnover in osteoporotic rats, but, some modifications regarding the technique used for bonding Ag with HA are required to fine-tune the composition of silver-doped hydroxyapatite. Also, dose and treatment duration need further investigation to gain better therapeutic impact.
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